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Wireless sensor network (WSN) consists of base stations and sensors nodes 
to monitor physical and environmental conditions. Power consumption 
is a challenge in WSN due to activities of nodes. High power consumption 
is required for the main transceiver in WSN to receive communication 
requests all the time. Hence, a low power wake-up receiver is needed to 
minimize the power consumption of WSN. In this work, a low power 
wake-up receiver using ultrasound data communication is designed. 
Wake-up receiver is used to detect wake-up signal to activate a device 
in WSN. Functional block modelling of the wake-up receiver is developed 
in Silterra CMOS 130nm process technology. The performance of 
the wake-up receiver has been analyzed and achieving low power 
consumption which is 22.45pW. A prototype to demonstrate a wireless 
sensor node with wake-up receiver has been developed incorporating both 
ultrasonic and RF for internal and external communication respectively. 
We achieve 99.97% of power saving for 10s operation in the experimental 
setup for the WSN with and without wake-up receiver. Wake-up receiver 
used in WSN save power and prolong the lifetime of batteries and thus 
extending the operational lifetime of WSN. 
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1. INTRODUCTION 

A wireless sensor network (WSN) is a wireless network that consists of base stations and a large 

amount of spatially distributed and dedicated sensors to monitor physical and environmental conditions such 

as pressure, temperature, motion, sound vibration or pollutants at different locations. WSN consists of many 

sensor nodes to collect sensory data, to perform some processing and to communicate with other connected 
nodes in the network [1-2]. WSN provides various uses in many fields such as urgent disaster management, 
critical military mission, precise agricultural production, intelligent home appliances and so forth [3-4]. 

Power consumption is a main constraint in WSN as the operational lifetime of WSN is considered as 
a critical issue for deployment of the network [5-9]. Sensor nodes in WSN are powered by batteries which 
need long operating hours without sacrificing system performance but the power of the batteries is limited 
and exhausts after some time [10-12]. Due to hundreds to thousands of distributed nodes in WSN, 
the replacement of batteries becomes difficult and costly [13-15]. Main transceiver plays an important role 
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in WSN as it provides the capability for wireless communication to the sensor nodes but it requires high 
power consumption for working. Main transceiver operates according to the duty-cycle schedule or checks 
for communication requests periodically [16]. The main transceiver receives a communication request when 
it is in active mode and this may cause a failure to receive communication request if it is inactive. 
When the main transceiver is turned on, the sensor node operates to transmit or receive data. If there is data 
to be transmitted but no data to be received by the sensor node, the power is still consumed for listening [17]. 
Thus, energy consumption for wireless communication in WSN usually dominates overall 
power consumption shown in Figures 1(a) and (b). 


Always on main 
transceiver 



V_/ 


0 


Wake-up 
on demand 



(a) 


(b) 


Figure 1. WSN, (a) Without wake-up receiver and,(b) With wake-up receiver 


In order to minimize the power consumption in WSN, a wake-up receiver with low power 
consumption is needed. A wake-up receiver always active and capable to receive communication requests all 
the time. The wake-up receiver able to monitor the channel continuously, listen for a wake-up signal from 
other nodes and activate the main transceiver upon detection. Once the wake-up receiver receives a wake-up 
request from the nodes, it sends the wake-up signal to the main transceiver for activation purpose. The main 
transceiver is in active state only in an on-demand way by using a wake-up receiver in an energy efficient 
network operation. 

Based on [18], the wake-up receiver with low power consumption had been achieved by using radio 
frequency (RF) communication system but it required higher carrier frequency to process compared to other 
communication system. Wake-up receiver using RF communication system consumed higher power than 
other communication system. In [19], the wake-up receiver designed consumed 51pW. 
Optical communication system had been used for designing a low power wake-up receiver [20] but 
the performance of visible light communication system will be affected by the interference from other light 
sources. According to [21], a wake-up receiver designed by using infrared communication system achieved 
low power consumption but the communication system has its weakness which it requires accurate alignment 
of a narrow beam in order to get a better communication. In this paper, a low power wake-up receiver 
is proposed by using ultrasound data communication [22-25]. The carrier frequency is set at 40kHz which 
is lower than RF communication system. This paper is organized in four section. In section 2, 
the methodology of this work is explained for functional block modelling and prototyping. Section 3 presents 
the functional block modelling of the wake-up receiver whereas section 4 demonstrates a wireless sensor 
node with wake-up receiver using a prototype. 


2. RESEARCH METHODOLOGY 

A functional block modelling of low power wake-up receiver consists of low noise amplifier, carrier 
band amplifier and mixer design as shown in Figure 2. The circuit is designed using Silterra 130nmCMOS 
process technology. For the LNA design, S-parameter analysis is performed. S 1± and S 22 must less than 
-lOdB while S 12 must less than S 21 and the value must less than -12dB. S 22 is also known as power gain. 
The value of S 22 must greater than 0. The phase margin of the carrier band amplifier is measured to 
determine the stability of the amplifier. The acceptable range of phase margin is greater than 45° but less than 
180°. A periodic steady state (PSS) analysis and periodic XF (PXF) analysis are performed to obtain 
conversion gain of mixer. A prototype is built to demonstrate a sensor node with wake-up receiver using 
ultrasound data communication. 
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Figure 2. Modelling of low power wake-up receiver for WSN 


3. FUNCTIONAL BLOCKS IN WAKE-UP RECEIVER 

The functional block modelling of wake-up receiver using ultrasound data communication 
is designed for low noise amplifier, carrier band amplifier and mixer by using Cadence Virtuoso. 
Simulations are executed according to the design specifications of the circuits as presented in Section 2. 

3.1. Low noise amplifier 

Low noise amplifier (LNA) can be used to replace amplifiers with higher internal noise levels 
in order to enhance the signal-to-noise ratio of the RF receiver system External devices and internal circuit 
components contribute to the noise signals in the system The noise signal must be reduced to avoid 
degradation of signals and to maximize the signal-to-noise ratio of the system 

Gain — —G m R h (1) 

ATI _, Total noise power at output 

NF = - (2) 

noise power at output due to input source 

The schematic of the LNA consists of two-port network, decoupling capacitors, resistors, inductors, 
and NMOS transistors as shown in Figure 3. Simulation of S-parameter analysis is carried out and the results 
are shown in Figure 4 and summarized in Table 1. 
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Figure 3. Schematic of low noise amplifier 
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Figure 4. Simulation result of LNA, (a) S 1± , S 12 , S 21 andS 2 2 performance and, (b) Noise figure 


Table 1. Design parameter of LNA 


Design Parameter 

Design Specifications 

Results (dB) 

Sn 

5u<-10dB 

-22.44 

$12 

S 12 <-12dB 

-12.31 

■^21 

S 2 1 >0dB 

3.636 

■^22 

S 22 <-1 OdB 

-14.81 

Power gain 

Power gain > OdB 

3.636 


Noise Figure 

7.754 


3.2. Carrier band amplifier 

A carrier band amplifier is designed to amplify the resulting signal from LNA. NMOS differential 
amplifier with PM OS load is used in this amplifier. This amplifier consists of common mode feedback, 
amplifier and buffer as shown in Figure 5. Common mode feedback circuit is a circuit used to sense 
the common mode voltage, compare the common mode voltage with a proper reference voltage and feedback 
the correcting common mode signal in order to control the common mode voltage at different nodes that 
cannot be stabilized by the negative differential feedback. Buffer amplifier is used for providing 
the transformation of electrical impedance from one circuit to another to prevent the subsequent circuit from 
loading. The output from LNA is connected with the amplifier and the output is produced in buffer part 
of the carrier band amplifier. The carrier band signal is amplified from 235.75988mV to 404.71478mV as 
shown in Figure 6. 
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Figure 5. Schematic of carrier band amplifier 
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Figure 6. Transient analysis of carrier band amplifier, (a) Input signal and, (b) Output signal 


Stability of the carrier band amplifier has been monitored. The phase margin of the amplifier 
is 83.75° as shown in Figure 7 which is in the acceptable range. 



Figure 7. Magnitude and phase of loop gain in decibel units 


3.3. Mixer 

A mixer is a device with three ports that creates new frequency from two signals applied to it. It can 
be used to modulate or demodulate a signal. The sum of the two input frequencies will be the modulation of 
signal whereas the difference of the two input frequencies is either modulation or demodulation of the signal 
as shown in (3). The resulting signal from the carrier band amplifier is down-converted by using a double 
balanced direct conversion mixer. The mixer consists of LO input port, RF input port, ideal baluns, resistor 
and NMOS transistors as shown in Figure 8. 

fiF = fw ± fnF 0) 

where f IF is the intermediate frequency which is the output frequency from the sum and difference of two 
input frequencies, f L0 is the local oscillator frequency which is one of the input frequencies and 
f RF is the input radio frequency. 
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Figure 8. Schematic of mixer 


The resulting AC signal from the carrier band amplifier is used as RF input port. The output 
of the mixer is zero-IF as it is a direct conversion mixer that demodulates signal with identical or very close 
to RF frequency at LO frequency. A periodic steady state analysis (PSS) and periodic XF (PXF) analysis 
are executed to measure the voltage conversion gain of the mixer. A curve of conversion gain in dB versus IF 
output frequency is plotted and maximum conversion gain is about 8.8dB as shown in Figure 9(a). 
Noise figure of the mixer is obtained by performing periodic noise analysis as shown in Figure 9(b). 
The noise figure is reduced with the increasing IF output frequency. 




(a) 


(b) 


Figure 9. Double balance mixer, (a) Voltage conversion gain, (b) Noise figure 


3.3. Power consumption of functional block modelling 

The current consumption for LNA, carrier band amplifier and mixer are measured. The current and 
power consumption of these three schematics are summarized in Table 2. 


Table 2. Current and power consumption of functional block modelling 


Functional Block Modelling 

Current Consumption 

Power consumption 

LNA 

1.295 pA 

1.55pW 

Carrier Band Amplifier 

17.04pA 

20.45pW 

Mixer 

376nA 

0.45pW 

Total Power Consumption: 


22.45pW 
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4. PROTOTYPING 

A prototype is built to demonstrate a sensor node with wake-up receiver using ultrasound data 
communication. It shows that ultrasound data communication used in internal WSN communication is able to 
send wake-up signals to activate the RF transmitter which is in sleep mode. The wake-up RF transmitter will 
transfer data to RF receiver at external devices such as mobile phone, base station, server etc. The WSN 
which consists of wake-up receiver based on ultrasonic communication systemand RF transmitter as internal 
communication is shown in Figure 10(a) whereas external communication through RF receiver 
is shown in Figure 10(b). 



(a) 


(b) 


Figure 10. Circuit diagram of wake up receiver for WSN, (a) Internal communication through ultrasound, 

(b) External communication through RF 


When there is no demand, a relay is used to turn RF transmitter into sleep mode. To wake up the RF 
transmitter, an ultrasonic transmitter sends wake-up signal as tone to the ultrasonic receiver to acknowledge 
the receiver to wake RF transmitter. When a wake-up signal is received, the interrupt pin and the relay 
are in active low state. The relay wakes the RF transmitter up by supplying voltage to the transmitter to 
operate and the interrupt pin activates the RF receiver. A string of “Hello World” is set in RF transmitter to 
send to the RF receiver when they are activated. The string is received by the RF receiver. When there is no 
tone received by the ultrasonic receiver, the relay and interrupt pin of the Arduino are in active high which 
deactivate the RF transmitter and receiver. RF transmitter and receiver are in sleep mode again. No data can 
be transmitted or received by the RF communication system 

The power consumption of the prototype is measured by using a USB power monitor. The power 
consumption is measured at the power supply of the RF receiver as shown in Table 3. The power 
consumption of the RF receiver to receive the data transmitted fromRF transmitter in one second is 0.065W 
whereas the power consumption of the RF receiver in sleep mode in one second is 0.031W. The RF receiver 
receives two data in 10 seconds. To find the total power consumption for 10 seconds, the power consumption 
is measured by using the formula of (4). 

Energy — P s tandby * f F ^receive dd ata * ^ (4) 

where: P tota i =total power consumption of theRF receiver 

Pstandby =power consumption of the RF receiver in sleep mode 
Preceived data = P ower consumption of the RF receiver in active mode. 

The power consumption of the RF receiver without wake-up receiver in the sensor node 
is measured. The RF receiver is always active and consumed same power during receiving data or in standby. 
The power consumption in one second is 0.112W. A comparison is made between the power consumption of 
RF receiver at external device with and without wake-up receiver of ultrasonic communication system 
in thesensornodefor 10 seconds as shown in Table 3. 
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Table 3. Comparison of power consumption between RF receiver with and 
without wake-up receiver in sens or node 



Pstandby hi 1 

P received dat jfl 1 

Energy consumption for 10 seconds 


second (W) 

second (W) 

(Wh) 

With wake-up receiver 

0.031 

0.065 

0.105m 

Without wake-up receiver 

0.112 

0.112 

0.311 


The power consumption of RF receiver without wake-up receiver in the sensor node is much higher 
than the RF receiver with wake-up receiver in the sensor node. The power saving is around 99.97%. 
The developed low power wireless data communication significantly reduces the power consumption and 
extend the lifetime of the batteries in WSN. 


5. CONCLUSION 

A low power wake-up receiver using ultrasound data communication is designed for wireless sensor 
node. The functional block modelling of the wake-up receiver is developed in Silterra CMOS 130nm process 
technology. LNA achieved S 1± of -22.44dB, S 12 of -12.31dB, S 21 of 3.636dB and S 22 of -14.81dB for a good 
performance of LNA. For the carrier band amplifier, it achieved the amplification of signal and stability of 
the amplifier. The mixer used to demodulate the resulting signal achieved 8.8dB gain and 7.25dB noise 
figure. The total power consumption of the functional block modelling is 22.45pW. In order to verify 
the functionality of ultrasound communication system, a prototype of a wireless sensor node with wake-up 
receiver is developed. A comparison of the prototype with and without wake-up receiver in term of the power 
consumption is performed. More than 99% of power saving has been achieved. The sensor node with 
wake-up receiver saves power and extends the lifetime of batteries and the operational lifetime of WSN. 
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